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Constant availability of food and sedentary living in contemporary wealthy cultures has dramatically limited the ability to utilize fat stores, resulting in an obesity epidemic. Worldwide, at least 1 in 10 adults is obese, and more than 25% are affected in many Western countries ([@bib1]), leading to striking increases in type 2 diabetes and heart disease ([@bib2]). Over a quarter of adults in the United States have the metabolic syndrome ([@bib3]), a combination of central obesity, glucose intolerance/insulin resistance, dyslipidemia, and hypertension ([@bib4]), that confers a 2- to 3-fold increase risk for cardiovascular morbidity and mortality ([@bib5]).

Given the reluctance of most modern adults to eat less and exercise more, many groups have altered lipid metabolism in mice in hopes of establishing proof of principle for new obesity therapies. Mice are resistant to diet-induced obesity after genetic manipulations that decrease lipid synthesis (acetyl-CoA carboxylase-2, stearoyl-CoA desaturase-1, diacylglycerol acyltransferase-1) and adipogenesis \[peroxisome-proliferator-activated receptor (Ppar)γ\], increase mitochondrial gene expression (Pparδ), increase respiratory uncoupling (uncoupling protein-1, liver X receptor), or perturb intracellular signaling (Ikkβ, S6k1) ([@bib6][@bib7][@bib8][@bib9][@bib10][@bib11][@bib12][@bib13]--[@bib14]). However, it is not clear that simply decreasing adiposity will universally improve the metabolic disease milieu. For instance, liver X receptor-deficient mice have increased metabolism, yet they are predisposed to the chronic inflammatory process of atherosclerosis ([@bib15]). Stearoyl-CoA desaturase-1 null mice are also hypermetabolic and thin but are predisposed to acute colitis ([@bib16]).

We recently identified hypothalamic expression of another key protein in lipid metabolism, as a mediator of energy homeostasis ([@bib17]). FAS is ubiquitously expressed and catalyzes the first committed step in fatty acid biosynthesis ([@bib18]). Pharmacologic inhibition of this enzyme with compounds such as C75 had previously implicated FAS in bioenergetics, but the lack of specificity of C75, notably its activation of the sympathetic nervous system ([@bib19]), raised the possibility that mechanisms independent of FAS could be involved.

By mating FAS floxed mice ([@bib20]) with RIPCre transgenic animals (known to express the Cre recombinase in pancreatic β cells and the hypothalamus), we generated animals with FAS deficiency limited to pancreatic β cells and the hypothalamus (FASKO). The lack of FAS, at least on a standard chow diet, did not affect β−cell function. However, hypothalamic FAS deficiency resulted in mice that were hypophagic, hypermetabolic, and lean on a standard chow diet ([@bib17]). While these results provided unexpected insights into the role of hypothalamic FAS in feeding and behavior, they did not address effects of this manipulation on the risk for diet-induced obesity, insulin resistance, and chronic inflammation that are characteristic of human type 2 diabetes and metabolic syndrome. In addition, the high-fat feeding paradigm also allowed us to critically examine whether the beneficial metabolic effects in the FASKO mice are simply a consequence of decreased adiposity or due to a specific perturbation in central FAS signaling. Here we report the results of experiments testing the hypothesis that deficiency of hypothalamic FAS prevents diet-induced obesity and systemic inflammation, clinically relevant endpoints.

MATERIALS AND METHODS
=====================

Animals and feeding studies
---------------------------

Protocols were approved by the Washington University Animal Studies Committee. Generation of mice with FAS deletion in the hypothalamus and pancreatic β cells (FASKO), and wild-type (Cre negative with the FAS floxed allele) in a mixed (BL/6 and 129) background has been described ([@bib17]). Starting at 6 weeks of age, FASKO and wild-type littermates were started on a Western-style diet (TD 88137, Harlan Teklad) \[high-fat diet (HFD)\] containing 21% (w/w) total lipid and 0.15% (w/w) total cholesterol for 10 weeks. Fatty acid composition of this diet is presented in supplementary Table I. Body weight was recorded weekly, and food intake \[expressed as a function of lean body mass (g^0.75^)\] was measured biweekly. On week 8, stools were collected to determine lipid content ([@bib21]), and percentage of consumed lipid that was absorbed was calculated as (food intake × food lipid content) − (stool output × stool lipid content)/(food intake × food lipid content) × 100. After 10 weeks of high-fat feeding, another cohort of wild-type mice received an amount of food identical to that consumed by the FASKO mice (pair-fed) for an additional 15 days. These pair-fed wild-type mice were then subjected to the same experiments (see below) as freely fed wild-type and FASKO mice.

Analytical procedures
---------------------

Body composition, indirect calorimetry, locomotor activity, serum glucose, insulin, nonesterified fatty acids, triglycerides, cholesterol, β-hydroxybutyrate, leptin, adiponectin, glucose, and insulin tolerance tests were performed as described ([@bib17], [@bib20]). Hepatic lipids were extracted in chloroform/methanol (2:1, v/v) followed by determination of triglyceride and cholesterol content ([@bib20]). Serum lipoprotein profiles were analyzed by size exclusion chromatography ([@bib21]).

Islet isolation and insulin secretion
-------------------------------------

Pancreatic islets isolated by collagenase digestion ([@bib22]) were cultured with 3 mM and 16.7 mM glucose, or 10 mM arginine, and insulin secreted in the media was assayed ([@bib22]). Insulin content of islets and whole pancreas was determined after acid-ethanol extraction ([@bib17]).

Immunohistochemistry and morphometry
------------------------------------

Adipose and liver tissues were processed as described ([@bib20]). Adipose sections were stained with anti-F4/80 antibody (1:200, Abcam) and visualized using NovoRed (Vector) ([@bib23]). Livers were stained with Oil Red O (Sigma) to visualize neutral lipids ([@bib20]). Immunohistochemical and morphometric analyses for islet area, β cell, and non-β cell mass by point-counting morphometry utilized described methods ([@bib17]).

Hyperinsulinemic-euglycemic clamps
----------------------------------

Internal jugular catheters were placed ([@bib24]), and after a 3-day recovery period, mice were subjected to an overnight fast. 3-\[^3^H\]glucose (PerkinElmer) was first infused (0.05 μCi/min) for 2 h to steady state. Human regular insulin was then bolused (50 μU/g) followed by a constant infusion at either 5 mU/kg/min (low-dose clamp) or 20 mU/kg/min (high-dose clamp) in separate cohorts of HFD fed animals. Infusion of 20% D-glucose was varied to maintain blood glucose at basal concentrations for at least 90 min. Rates of basal and clamped glucose production (R~*a*~), and insulin-stimulated whole body glucose uptake (R~*d*~) were determined as described ([@bib24]).

Analysis of insulin signaling and immunoblotting
------------------------------------------------

Acute insulin stimulation was performed by intraportal injections (0.1 or 10 U/kg body weight) of regular insulin into anesthetized mice. Ten min later, liver and gastrocnemius were clamp-frozen and homogenized in buffer containing protease and phosphatase inhibitors ([@bib20]). Thirty μg of total protein was resolved by SDS-PAGE, electrotransferred onto PVDF membranes (Millipore), and immunoblotted with total and ^473^Ser-phosphoAkt (1:1,000, cell signaling), total and ^9^Ser-phospho glycogen synthase kinase-3beta (1:1.000, cell signaling), total and ^256^Ser-phosphoFOXO1 (1:1,000, cell signaling), TRB3 (1:2,500, Calbiochem), and actin (1:5,000, Sigma). Total and phospho-specific bands were detected by chemiluminescence (ECL kit, Amersham) ([@bib20]).

Quantitative RT-PCR
-------------------

RNA isolation, reverse transcription, and PCR (Applied BioSystems 7700) were performed using previously published primer-probe sequences ([@bib17], [@bib20]). Relative mRNA levels were calculated using the comparative C~T~ and standard curve methods normalized to ribosomal protein L32, an invariant internal control.

Oxidative stress and inflammatory stimuli
-----------------------------------------

Urine was collected for 24 h in the presence of the antioxidant butylated hydroxytoluene (0.005%), and 15-isoprostane F~2t~ and creatinine were analyzed by enzyme-linked immunosorbent assay (Oxford Biochemicals) and colorimetric assay (Cayman Chemical), respectively. In a separate cohort of HFD fed wild-type and FASKO mice, lipopolysaccharide (7 mg/kg, serotype 0111:B4, Sigma) was injected intraperitoneally, and serum was obtained before injection and at 1, 3, and 6 h after injection. Tumor necrosis factor alpha (TNFα) and interleukin-6 (IL-6) were measured in serum by enzyme-linked immunosorbent assay (BD Biosciences).

Statistical analyses
--------------------

Data are expressed as mean ± SEM. Statistical comparisons were performed using an unpaired, two-tailed Student\'s *t*-test or ANOVA (ANOVA). If the overall F was found to be significant (*P* \< 0.05) for the latter, comparisons between means were made using appropriate posthoc tests.

RESULTS
=======

FASKO mice resist HFD-induced weight gain and are hypermetabolic
----------------------------------------------------------------

Wild-type mice gained weight (35% and 23% increase from baseline in males and females, respectively) after 10 weeks of HFD ([**Fig. 1A**](#fig1){ref-type="fig"}Fig. 1.Fatty acid synthase knockout (FASKO) mice resist high-fat diet (HFD)-induced weight gain. A, B: Total body weight (top panels) and body weight gained (bottom panels) during 10 weeks of high-fat feeding in male (n = 18) and female (n = 12) wild-type (WT) and FASKO mice. C: Body composition of male mice by dual energy X-ray absorptiometry after 10 weeks of HFD. Fat (top panel) and lean (bottom panel) mass are represented as percentage of total body mass. D: Representative hematoxylin and eosin-stained sections of perigonadal white adipose tissue (×20 magnification) after 10 weeks of HFD (top panel). Distribution curve of diameters (bottom panel) of 350 fat cells per mouse shows an equal preponderance of small (20--40 μm) and large (40--60 μm) adipocytes in both genotypes (n = 5 per group). All graphs represent mean ± SEM. \* *P* \< 0.05 compared with WT littermates.**,**[**B**](#fig1){ref-type="fig"}). Weight gain was considerably less in FASKO mice ([Fig. 1A](#fig1){ref-type="fig"}, [B](#fig1){ref-type="fig"}). FASKO mice after HFD feeding had ∼30% lower adiposity and an ∼8% increase in lean mass ([Fig. 1C](#fig1){ref-type="fig"}). There was no genotype effect on nasoanal lengths (not shown).

Decreased adiposity in HFD fed FASKO animals was reflected by changes in white adipose tissue but not brown adipose tissue mass. Perigonadal fat pads weighed 3.17 ± 0.58 g in FASKO vs. 6.15 ± 1.12 g in wild-type, N = 10, *P* = 0.03). Intrascapular brown adipose tissue depots weighed 0.35 g in FASKO vs. 0.36 g in wild-type, *P* = NS. Adipocyte size was similar between genotypes ([Fig. 1D](#fig1){ref-type="fig"}).

FASKO mice ate 17--22% less than controls at baseline and at 4, 7, and 10 weeks of eating HFD ([**Fig. 2A**](#fig2){ref-type="fig"}Fig. 2.Energy balance in response to HFD. A: Ad libitum daily food intake in WT and FASKO mice at the indicated times of the dietary study (n = 7-10). BW, body weight. B: Fat absorption, analyzed as described in Materials and Methods, at the end of 10 weeks of HFD (n = 7). C: Oxygen consumption (VO~2~) by indirect calorimetry integrated over a 24-h period at the indicated times of the dietary study (n = 12-15). D, E: Respiratory exchange ratio (D) and heat generation (E) by indirect calorimetry integrated over a 24-h period after 10 weeks of HFD (n = 12-15). F: Body temperature after 10 weeks of HFD (n = 11). G: Expression of the indicated genes involved in fatty acid oxidation was measured after 10 weeks of HFD in the liver, gastrocnemius (Sk.M), and brown adipose tissue by RT-PCR and normalized to L32 ribosomal mRNA levels in the same sample. Data represent three independent RT-PCR experiments for each gene with n = 4--5 mice per genotype. H: Locomotor activity after 10 weeks of HFD was quantified using infrared sensors over a 3-day period (n = 18). All graphs represent mean ± SEM. \* *P* \< 0.05 compared with WT littermates.), exhibiting normal fat absorption at the end of the dietary study ([Fig. 2B](#fig2){ref-type="fig"}). FASKO animals demonstrated a 14--19% increase in VO~2~ compared with their wild-type littermates at baseline and at 4, 7, and 10 weeks of eating HFD ([Fig. 2C](#fig2){ref-type="fig"}). The respiratory quotient was similar between genotypes at the end of the dietary study, suggesting that although FASKO mice had increased oxygen consumption, their substrate utilization was the same as wild-type ([Fig. 2D](#fig2){ref-type="fig"}). There were no genotype-specific differences in serum β-hydroxybutyrate (FASKO 193 ± 26 vs. wild-type 215 ± 57 μmol/L, N = 7, *P* = NS), heat production ([Fig. 2E](#fig2){ref-type="fig"}), body temperature ([Fig. 2F](#fig2){ref-type="fig"}), or in the expression of genes controlling fat oxidation in liver (Pparα, acyl-CoA oxidase, carnitine palmitoyl transferase-1, medium-chain acyl-CoA dehydrogenase), skeletal muscle (lipoprotein lipase), and brown adipose tissue (uncoupling protein-1) ([Fig. 2G](#fig2){ref-type="fig"}), all of which suggested that elevated metabolism in peripheral tissues is unlikely to contribute to the increased whole-body energy expenditure in HFD fed FASKO mice. In contrast, HFD fed FASKO animals had increased locomotor activity assessed using an infrared sensing technique to measure home-cage activity over 3 days ([Fig. 2H](#fig2){ref-type="fig"}). Together, these data suggest that enhanced oxygen consumption in FASKO animals on a HFD appears to be mostly due to increased physical activity, which in combination with hypophagia protects them from diet-induced obesity.

Effect of HFD on serum and tissue metabolites in FASKO mice
-----------------------------------------------------------

Serum chemistries and adipokines were unaffected by genotype at baseline (week 0, chow diet) ([**Fig. 3**](#fig3){ref-type="fig"}Fig. 3.Serum chemistries in response to Western diet. Serum was obtained from 5 h fasted animals at 6 weeks of age on a chow diet (week 0). Mice were then started on HFD, and serum from 5 h fasted mice was obtained at weeks 4, 7, and 10. Samples were assayed for glucose (A), insulin (B), nonesterified fatty acids (C), triglycerides (D), leptin (E), and adiponectin (F). Serum lipids were analyzed on the same day of sample collection, and hormones were measured in an aliquot of snap-frozen serum samples. Graphs represent mean ± SEM for 18--25 mice measured in five separate experiments over 24 months. \* *P* \< 0.05 compared with WT littermates.), consistent with our previous findings ([@bib17]). High-fat feeding increased fasting glucose and insulin in both genotypes, but levels of both were lower at 7 and 10 weeks in FASKO mice ([Fig. 3A](#fig3){ref-type="fig"}, [B](#fig3){ref-type="fig"}). Nonesterified fatty acids levels ([Fig. 3C](#fig3){ref-type="fig"}) were decreased (perhaps reflecting suppression of peripheral lipolysis by insulin) in FASKO animals, suggesting the presence of enhanced insulin sensitivity in these mice with high-fat feeding. Fasting serum triglyceride levels increased over time in both genotypes, but were 28% lower at 10 weeks in FASKO animals compared with controls ([Fig. 3D](#fig3){ref-type="fig"}). Lower triglycerides were reflected by differences in VLDL in lipoprotein analyses (not shown). Serum cholesterol levels were unaffected by genotype (not shown). Consistent with increasing adiposity in wild-type mice, serum leptin levels rose ∼8-fold over the course of the dietary intervention, while levels were lower in obesity-resistant FASKO animals ([Fig. 3E](#fig3){ref-type="fig"}). FASKO mice also resisted the HFD-induced reduction in serum adiponectin ([Fig. 3F](#fig3){ref-type="fig"}).

Fatty acid profiling by mass spectrometry within the hypothalamus of HFD-fed animals showed no genotypic differences among several fatty acids, except for a significant reduction in palmitate (C16:0), the major product of the FAS reaction, in the FASKO mice (see supplementary Table II). These findings not only further validate the FASKO model, but also show that a diet rich in palmitate (see supplementary Table I) is unable to compensate for decreased de novo synthesis at this site.

Glucose homeostasis in HFD-fed FASKO mice
-----------------------------------------

After 10 weeks of high-fat feeding, fed and 24 h-fasted serum glucose levels as well as serum insulin levels were lower in FASKO compared with control animals ([**Fig. 4A**](#fig4){ref-type="fig"}Fig. 4.Glucose homeostasis in high-fat fed FASKO mice. A: Serum glucose (top panel) and insulin (bottom panel) were determined in fed and fasted (24 h) mice after 10 weeks of HFD (n = 8--11). B, C: Mice were given a bolus i.p. injection of 2 g/kg glucose, and blood glucose (B) and insulin (C) were simultaneously measured at the indicated time points (n = 10). D: Serum insulin and glucose values at the 30 min time point during the GTT were used to obtain insulin-to-glucose ratio (n = 10). E: Insulin secretion in response to 3.3 mM or 16.7 mM glucose, and 3.3 mM glucose plus 10 mM arginine in islets isolated from 10-week HFD fed WT and FASKO animals (n = 7). F: Representative pancreatic sections (×10 magnification) immunostained with anti-insulin antibodies (top panel; arrows depict insulin-positive areas) and β cell mass (bottom panel) after 10 weeks of HFD feeding in WT and FASKO mice (n = 4). G: Insulin tolerance test (n = 8). Mice were given a bolus i.p. injection of 0.8 U/kg regular insulin, and blood glucose was subsequently measured at the indicated time points. H, I: Systemic glucose fluxes in hyperinsulinemic-euglycemic clamps following 10 weeks of HFD. Hepatic glucose output, represented as the rate of appearance (R~*a*~) under basal and clamped (5 mU/kg/min insulin) conditions (H). Systemic insulin-dependent glucose uptake, represented as the rate of disappearance (R~*d*~) (I) (n = 8 per group). Data are mean ± SEM. \* *P* \< 0.05 and \*\* *P* \< 0.01, compared with WT littermates.). There was no genotype effect on glucagon levels under these conditions (not shown). When given an acute bolus of D-glucose, HFD fed FASKO mice had lower glycemic excursions ([Fig. 4B](#fig4){ref-type="fig"}), indicating enhanced glucose tolerance.

As FAS was also deleted in β cells ([@bib17]), increased glucose tolerance in FASKO mice could be caused by enhanced β−cell function. However, two lines of evidence suggest that β-cell function is unaffected by FAS deletion. First, lower glucose levels in FASKO mice ([Fig. 4B](#fig4){ref-type="fig"}) were matched with lower insulin levels ([Fig. 4C](#fig4){ref-type="fig"}), yielding lower insulin-to-glucose ratios in FASKO mice ([Fig. 4D](#fig4){ref-type="fig"}). Second, ex vivo insulin secretory responses of islets to glucose and arginine were nearly identical between genotypes under basal (3.3 mM glucose) and stimulated (16.7 mM glucose) conditions ([Fig. 4E](#fig4){ref-type="fig"}). These data suggest that enhanced glucose tolerance in HFD fed FASKO animals is not due to insulin hypersecretion.

FASKO animals had lower β−cell mass ([Fig. 4F](#fig4){ref-type="fig"}) and a greater proportion of smaller-sized islets (19% in FASKO vs. 4% in WT had islet diameters of ∼75 μm or less), reflecting their insulin-sensitive metabolic and hormonal milieu ([Fig. 3](#fig3){ref-type="fig"}). Increased β-cell mass in WT mice ([Fig. 4F](#fig4){ref-type="fig"}) is an expected adaptive response to insulin resistance ([@bib25]). FASKO mice were more sensitive to insulin than their wild-type littermates with insulin tolerance testing ([Fig. 4G](#fig4){ref-type="fig"}).

Hyperinsulinemic-euglycemic clamp experiments suggested that the liver was the major site affected in terms of glucose metabolism in mice with hypothalamic FAS inactivation. Hepatic glucose output was lower in HFD fed FASKO mice under basal and clamped (5 mU insulin/kg/min) conditions compared with littermate controls ([Fig. 4H](#fig4){ref-type="fig"}). No differences were seen between genotypes for insulin-dependent whole-body glucose disposal with either low-dose (5 mU/kg/min) ([Fig. 4I](#fig4){ref-type="fig"}), or high-dose (20 mU/kg/min) insulin (not shown). Consistent with the clamp data, mRNA levels for peroxisome-proliferator-activated receptor gamma coactivator-1α, Pepck, and glucose 6-phosphatase were decreased in FASKO compared with wild-type livers after 10 weeks of high-fat feeding ([**Fig. 5A**](#fig5){ref-type="fig"}Fig. 5.Effect of hypothalamic FAS inactivation on liver and muscle insulin sensitivity. A: Expression of the indicated genes involved in glucose metabolism was measured in livers of wild-type and FASKO mice after 10 weeks of HFD by RT-PCR, and normalized to L32 ribosomal mRNA in the same sample. Each bar represents mean ± SEM of three independent RT-PCR experiments for each gene with n = 4 mice per genotype. \* *P* \< 0.05 vs. WT. B: Immunoblot analysis in liver of total and phosphorylated ^473^Ser-Akt, ^9^Ser- glycogen synthase kinase-3beta, ^256^Ser-Foxo1, TRB3, and actin following the dietary intervention in response to 0.1 U/kg intraportal bolus injection of Regular insulin. C: Densitometric quantification of all liver immunoblot analyses. Data represent mean ± SEM of five animals per group. \* *P* \< 0.05 vs. WT. D: Immunoblot analysis in gastrocnemius after 10 weeks of HFD of the above proteins following an intraportal bolus injection of 10 U/kg regular insulin. Data are representative of three independent experiments.). Glucokinase (GK) expression was increased in FASKO livers ([Fig. 5A](#fig5){ref-type="fig"}), reflecting enhanced hepatic insulin sensitivity.

Key mediators of insulin signaling were assayed. Increased phosphorylation of Akt at serine 473, glycogen synthase kinase-3beta at serine 9, and Foxo1 at serine 256 were seen in FASKO compared with wild-type livers in response to 0.10 U/kg intraportal insulin ([Fig. 5B](#fig5){ref-type="fig"}, [C](#fig5){ref-type="fig"}). Protein levels for TRB3, an Akt inhibitor ([@bib26]), were lower in FASKO livers ([Fig. 5B](#fig5){ref-type="fig"}, [C](#fig5){ref-type="fig"}). These differences were seen in the basal state as well as with acute insulin treatment ([Fig. 5B](#fig5){ref-type="fig"}). In contrast, these effects were not seen in gastrocnemius muscles even after 10 U/kg insulin ([Fig. 5D](#fig5){ref-type="fig"}), results consistent with the clamp data suggesting that peripheral sites of metabolism such as skeletal muscle are not involved in the insulin-sensitive phenotype of FASKO mice. In addition, there was neither a dietary nor genotype-specific effect on AMPK activity in the hypothalamus (see supplementary Fig. I).

HFD fed FASKO mice resist hepatic steatosis
-------------------------------------------

FASKO livers weighed 27% less than controls with high-fat feeding ([**Fig. 6A**](#fig6){ref-type="fig"}Fig. 6.FASKO mice are resistant to HFD-induced fatty liver. A: Average weights of livers from WT and FASKO mice after 10 weeks of high-fat feeding (n = 18). B: Liver sections stained with H and E, and Oil Red O (ORO) at ×10 magnification. The prominent vacuolation seen in HFD-fed WT livers (arrows, top panel) stained positive for ORO (bottom panel). Sections are representative of 6--8 animals per group. C--E: Hepatic triglyceride (C) and cholesterol (D) content, and triglyceride content per unit mass in gastrocnemius (E) isolated from 10-week HFD-fed WT and FASKO mice (n = 7). F: Expression of hepatic sterol-regulatory element binding protein-1c and CD36 mRNA by RT-PCR normalized to L32 ribosomal mRNA after 10 weeks of HFD. Each bar represents mean ± SEM of three independent RT-PCR experiments for each gene with n = 4 mice per genotype. \* *P* \< 0.05 vs. WT.). Decreased Oil Red O staining (reflecting decreased abundance of neutral lipids; [Fig. 6B](#fig6){ref-type="fig"}, bottom panel) in FASKO livers mirrored quantitative assessments of hepatic lipid content ([Fig. 6C](#fig6){ref-type="fig"}, [D](#fig6){ref-type="fig"}). Triglyceride content in gastrocnemius ([Fig. 6E](#fig6){ref-type="fig"}) was unaffected, consistent with the lack of effect on insulin signaling in this tissue ([Fig. 5D](#fig5){ref-type="fig"}). Expression of sterol-regulatory element binding protein-1c, an important regulator of hepatic lipogenesis ([@bib27]), was decreased in FASKO livers ([Fig. 6F](#fig6){ref-type="fig"}). Gene expression of FAT/CD36, normally not abundant in liver ([@bib28]), was higher in the livers of wild-type mice with increased triglyceride accumulation ([Fig. 6F](#fig6){ref-type="fig"}). Hepatic Pparγ expression, implicated in the development and maintenance of liver steatosis ([@bib29]), was not affected by genotype under these conditions (not shown). Thus, the metabolic milieu in the FASKO animals favorably alters hepatic lipid metabolism to protect against diet-induced fatty liver.

Less oxidative stress and inflammation in HFD fed FASKO mice
------------------------------------------------------------

Nutrient excess, insulin resistance, hepatic steatosis, and other characteristics of the obese state contribute to the increased production of reactive oxygen species, which have been implicated in chronic inflammation and complications of diabetes ([@bib30]). Urinary levels of a biomarker for oxidative stress, 15-isoprostane F~2t~, were lower in FASKO as compared with wild-type mice ([**Fig. 7A**](#fig7){ref-type="fig"}Fig. 7.Effect of 10 weeks of HFD on oxidative stress and systemic inflammation. A: Urinary 15-isoprostane F~2t~ normalized to creatinine levels (n = 8--9 per genotype). Data represent mean values from two independent experiments each repeated twice. B: Representative perigonadal white adipose tissue sections (×40 magnification) immunostained with antibodies against the macrophage-specific antigen F4/80 (thick arrows), and counterstained with hematoxylin, demonstrating other mononuclear cells (thin arrows). F4/80-positive cells were more abundant and aggregated in the obese wild-type mice (top panel), whereas these cells were sparse and isolated in the leaner FASKO (bottom panel) mice. Sections are representative of n = 4 mice per genotype. C, D: Serum tumor necrosis factor alpha (TNFα) and interleukin-6 (IL-6) concentrations. After 10 weeks of HFD, animals were injected intraperitoneally with 7 mg/kg lipopolysaccharide, and serum TNFα (C) and IL-6 (D) concentrations were then measured at the indicated time points (n = 7 per group). A, C, D: Data represent mean ± SEM of two separate experiments over 18 months. \* *P* \< 0.05 vs. WT.). Fewer mononuclear inflammatory cells, predominantly macrophages, were detected in FASKO as compared with wild-type adipose tissue ([Fig. 7B](#fig7){ref-type="fig"}). Mice were also challenged with a nonlethal dose of lipopolysaccharide, a potent endotoxin. As expected, endotoxinemia markedly increased cytokine levels in both genotypes. However, the peak levels for TNFα and IL-6 were substantially attenuated in FASKO as compared with wild-type serum ([Fig. 7C](#fig7){ref-type="fig"}, [D](#fig7){ref-type="fig"}).

Pair-feeding studies
--------------------

To determine whether changes in oxygen consumption, hepatic insulin signaling, and systemic inflammation are a consequence of the targeted disruption of hypothalamic FAS, we food restricted a separate cohort of wild-type mice by pair-feeding them to FASKO animals for 15 days following 10 wks of high-fat feeding. This intervention resulted in considerable weight loss leading to nearly identical body weight and adiposity in the pair-fed wild-type and freely- fed FASKO animals ([**Fig. 8A**](#fig8){ref-type="fig"}Fig. 8.Pair-feeding studies in HFD fed WT and FASKO mice. A--E: Effect of pair-feeding WT mice to ad libitum fed FASKO animals on body weight gain (A), percent change in body weight compared with corresponding ad libitum fed controls (B), adiposity (C), percentage of lean mass (D), and oxygen consumption (by indirect calorimetry integrated over a 24 h period) (E). Results represent mean ± SEM of 7--10 animals per group. \* *P* \< 0.05 compared with WT control (Ctrl). F: Immunoblotting for ^473^Ser-phosphorylated and total Akt in the liver after pair-feeding in response to an intraportal bolus injection of 0.1 U/kg regular insulin (top panel), and corresponding densitometric quantification (bottom panel). Data represent mean ± SEM of four animals per group. \* *P* \< 0.05 vs. WT-Ctrl. ^\#^ *P* \< 0.05 vs. WT-pair-fed. G: Serum TNFα concentration at the indicated time points in control and pair-fed WT and FASKO mice in response to 7 mg/kg lipopolysaccharide injection. Results are mean ± SEM of 5--6 animals per group. \* *P* \< 0.05 vs. WT-Ctrl. ^\#^ *P* \< 0.05 vs. WT-PF. H: An integrative model for the regulatory role of brain FAS in energy homeostasis. Hypothalamic FAS deficiency impacts multiple organ systems culminating in resistance to diet-induced obesity (DIO) and increased insulin sensitivity.**--**[**C**](#fig8){ref-type="fig"}). The percentage of lean mass was unaffected ([Fig. 8D](#fig8){ref-type="fig"}). Remarkably, despite this reduction in adiposity, the pair-fed wild-type mice continued to show similar oxygen consumption as the ad libitum fed wild-type controls ([Fig. 8E](#fig8){ref-type="fig"}). The leaner pair-fed wild-type mice failed to increase hepatic ^473^Ser-Akt phosphorylation above that of obese freely fed wild-type controls ([Fig. 8F](#fig8){ref-type="fig"}), despite having similar fasting insulin levels as the FASKO mice (2.3 ± 0.6 ng/ml in ad libitum HFD-fed FASKO vs. 3.1 ± 0.8 ng/ml in pair-fed wild-type, n = 6, *P* = NS). This finding further confirms the increased hepatic insulin sensitivity in FASKO animals. Pair-feeding wild-type with FASKO animals also did not lower their peak serum TNFα concentration (at 1 h) in response to lipopolysaccharide injection, which remained comparable to freely fed obese wild-type control mice ([Fig. 8G](#fig8){ref-type="fig"}). Because, by design, adiposity in FASKO and pair-fed wild-type mice was the same, the higher oxygen consumption, increased Akt phosphorylation, and lower serum TNFα levels in response to endotoxin in the FASKO animals suggest that these effects are due to hypothalamic FAS inactivation, rather than a consequence of adiposity.

DISCUSSION
==========

Simply decreasing adiposity may not be sufficient for treating obesity-related disorders such as the metabolic syndrome and type 2 diabetes. There are examples of disruption of the expected inverse relationship between adiposity and aberrant metabolism. Despite decreased adiposity, inactivation of stearoyl-CoA desaturase-1 promotes the development of diabetes in leptin-deficient ob/ob mice ([@bib31]). Conversely, despite increased adiposity, mice with inactivation of TLR-4 ([@bib32]), as well as mice with overexpression of adiponectin ([@bib33]), have enhanced insulin sensitivity. Novel therapies most likely to provide benefit will not only decrease adiposity but also ameliorate pathophysiologic conditions such as insulin resistance, fatty liver, and systemic inflammation. Here we demonstrate that central nervous system inhibition of de novo lipogenesis mediated by FAS protects mice from HFD-induced diabetes and results in enhanced hepatic insulin signaling, less fatty liver, decreased circulating triglycerides and free fatty acids, an improved adipokine profile, and evidence of decreased oxidative stress as well as systemic inflammation.

Our initial characterization of these mice on standard chow demonstrated decreased adiposity due to a combination of hypophagia and increased locomotor activity ([@bib17]). The current results extend this work by showing that the decreased food intake and increased activity phenotype is preserved in the setting of high-fat feeding and protects mice from obesity. These findings, while logical, were not necessarily predictable. The product of the FAS reaction, mostly palmitate, appears to serve a signaling function that includes activation of Pparα signaling ([@bib20]). Due to the fact that HFDs are enriched in palmitate (see supplementary Table I), it was possible that the provision of large amounts of this molecule could reverse the behavioral phenotype of these mice. This did not occur ([@bib17]), indicating that either dietary palmitate cannot substitute for the product of the FAS reaction in brain or FAS is compartmentalized in the central nervous system to sites critical for energy homeostasis. Our pair-feeding studies support a potentially direct role for hypothalamic FAS in the regulation of bioenergetics ([Fig. 8E](#fig8){ref-type="fig"}).

The current data also show that the absence of FAS expression in pancreatic β cells does not affect β-cell function even under conditions of nutrient excess. In reductionist systems, de novo lipogenesis in islets may be important for normal function ([@bib34]) but in intact mice, this process does not impact insulin secretion from islets isolated from mice following low-fat chow ([@bib17]) or high-fat ([Fig. 4](#fig4){ref-type="fig"}) feeding.

Limitations to this work include the fact that these animals are in a mixed (BL/6 and 129) background and utilize the RIP-driven ectopic expression of the Cre recombinase, which has been shown to affect β-cell function ([@bib35]). While genetic admixture and Cre could have confounding effects, controls were littermates of the FASKO mice and included Cre only in addition to floxed only mice. We also failed to observe any β−cell phenotype.

Beneficial effects at the liver were striking in high-fat fed FASKO mice. Hepatic glucose production was decreased ([Fig. 4H](#fig4){ref-type="fig"}) without an effect on peripheral glucose disposal ([Fig. 4I](#fig4){ref-type="fig"}), suggesting that much of the enhanced glucose tolerance in high-fat fed FASKO mice was due to effects at the liver. Consistent with this observation, insulin signaling was increased in liver but not muscle of FASKO as compared with control mice ([Fig. 5](#fig5){ref-type="fig"}). In FASKO as compared with control mice, the lipid content of liver but not muscle was decreased with high-fat feeding ([Fig. 6](#fig6){ref-type="fig"}). Expression of sterol-regulatory element binding protein-1c, an insulin responsive transcription factor important for lipogenesis, was substantially decreased in the FASKO mice ([Fig. 6F](#fig6){ref-type="fig"}), which likely contributes to their protection from fatty liver because their tissues were notable for the absence of up-regulated expression of genes involved in fat oxidation, uncoupled oxidative phosphorylation, or futile energy cycling ([Fig. 2G](#fig2){ref-type="fig"}). Consistent with our sterol-regulatory element binding protein-1c findings in liver, hepatic sterol-regulatory element binding protein expression is known to be increased in mouse models of obesity and diabetes ([@bib36]). Additional mechanisms may also be involved in the protection from hepatic steatosis. CD36 expression was decreased in FASKO as compared with control livers ([Fig. 6F](#fig6){ref-type="fig"}), consistent with previous reports showing CD36 up-regulation in HFD-induced steatosis ([@bib29]). FASKO mice are more active than controls ([Fig. 2H](#fig2){ref-type="fig"}), consistent with studies implicating increased physical activity in the protection against fatty liver in rodents ([@bib37]).

Observations from the present study with high-fat feeding and our previous data in chow-fed FASKO mice ([@bib17]) collectively support the notion of FAS functioning as a nutritional sensor within the hypothalamus. Inhibition of hypothalamic carnitine palmitoyl transferase-1 ([@bib38]) and accumulation of malonyl-CoA ([@bib39]) independently reduce food intake. Products of the FAS reaction serve as endogenous ligands to activate PPARα ([@bib17], [@bib20]). FASKO mice demonstrate reduced expression of carnitine palmitoyl transferase-1 and malonyl-CoA decarboxylase, targets of PPARα ([@bib17]). Thus, manipulations of hypothalamic fatty acid oxidation (via inhibition of carnitine palmitoyl transferase-1) and synthesis (via accumulation of malonyl-CoA) that alter feeding behavior can be orchestrated through FAS.

Inactivation of hypothalamic FAS also affects glucose metabolism, providing another example of how FAS might serve as a nutritional sensor and contributing to a growing body of evidence identifying the brain-liver axis as a mediator of glucose homeostasis ([@bib24], [@bib40], [@bib41]). Disrupting central nervous system liver neural signaling lowers blood glucose and blood pressure in the setting of glucocorticoid-induced insulin resistance ([@bib24]). Central inhibition of lipid oxidation in the hypothalamus decreases hepatic glucose production in overfed rats ([@bib40]). Central administration of lactate decreases glucose production in rats with diet-induced insulin resistance ([@bib41]). Now we show that inactivation of lipogenesis in the hypothalamus (see supplementary Table II) reduces glucose production ([Fig. 4H](#fig4){ref-type="fig"}) and enhances hepatic insulin signaling in the setting of nutrient excess ([Fig. 5B](#fig5){ref-type="fig"}, [C](#fig5){ref-type="fig"}), independent of AMPK activation (see supplementary Fig. I) and adiposity ([Fig. 8F](#fig8){ref-type="fig"}). As glucose production by the liver is the main endogenous fuel source, hypothalamic FAS appears to regulate exogenous (via food intake) and endogenous (via glucose production) energy availability.

Systemic oxidative stress correlates with fat accumulation ([@bib42]) and may promote insulin resistance ([@bib43], [@bib44]). Increasing oxidative metabolism increases production of reactive oxygen species, which may induce inflammation ([@bib30]). Thus, while increasing fat oxidation might be considered beneficial by decreasing body weight ([@bib6][@bib7][@bib8][@bib9][@bib10][@bib11][@bib12][@bib13]--[@bib14]), it may increase reactive oxygen species, and, depending on the tissue in which such species are generated, this effect could impair physiology. Global stearoyl-CoA desaturase-1 deficiency, which increases the rate of β-oxidation ([@bib11]), increases proinflammatory cytokines and predisposes to acute colitis ([@bib16]). Accelerating metabolism specifically in the vasculature increases the chronic inflammatory condition of atherosclerosis ([@bib45]). In contrast, FASKO mice have less oxidant stress ([Fig. 7A](#fig7){ref-type="fig"}) and less systemic inflammation as manifested by decreased serum levels of TNFα and IL-6 ([Fig. 7C](#fig7){ref-type="fig"}, [D](#fig7){ref-type="fig"}), inflammatory markers elevated in insulin resistance and obesity ([@bib46], [@bib47]). At least some of this effect is mediated by macrophage accumulation in adipose tissue ([@bib23]), and insulin resistance is ameliorated by inhibiting macrophage recruitment in animal models of obesity ([@bib48], [@bib49]). Consistent with these findings, macrophages were less apparent in adipose tissue of FASKO mice ([Fig. 7B](#fig7){ref-type="fig"}, bottom).

Although decreased inflammation in FASKO mice could reflect decreased adiposity, this effect appears to be due to a specific consequence of central FAS deficiency rather than body-fat content as suggested by pair-feeding studies ([Fig. 8](#fig8){ref-type="fig"}). Despite reducing adiposity of wild-type mice to the same level as the FASKO animals ([Fig. 8C](#fig8){ref-type="fig"}), the leaner pair-fed wild-type mice continued to manifest similar peak serum TNFα concentrations as the obese ad libitum HFD fed wild-type controls in response to endotoxin ([Fig. 8G](#fig8){ref-type="fig"}). These studies lend support to the notion that the brain can affect inflammation. Electrical stimulation of the vagus nerve in vivo during lethal endotoxinemia in rats attenuates TNFα levels and prevents shock ([@bib50]). Perturbation of de novo lipogenesis in FASKO mice, which alters systemic energy balance, also appears to directly affect systemic inflammation.

In summary, our data suggest a critical role for hypothalamic FAS in the orchestration of bioenergetics, hepatic insulin signaling, and systemic inflammation resulting in obesity-resistance and enhanced insulin sensitivity ([Fig. 8H](#fig8){ref-type="fig"}). Medicinal chemists frequently pursue potential drug targets with a goal of excluding compounds from the central nervous system in hopes of diminishing behavioral side effects. The current data suggest that a strategy of targeting FAS at specific sites in the brain could coordinately improve multiple features of obesity-related disease.
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###### Supplemental Data

-   HFD, high-fat diet

-   IL-6, interleukin-6

-   FASKO, fatty acid synthase knockout

-   Ppar, peroxisome-proliferator-activated receptor

-   TNFα, tumor necrosis factor alpha
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